Introduction: We sought to develop a system to predict the fragmentation of stones using non-contrast computed tomography (NCCT) image analysis of patients with renal stone disease.
Introduction
Extracorporeal shockwave lithotripsy (ESWL) has been widely accepted as the treatment of choice for renal stones less than 2 cm, with variable success rates of 60-99% across the globe. The success rate of this procedure could be influenced by stone factors (stone size, location, composition, degree of obstruction), clinical factors (comorbidities, such as concomitant infection, solitary kidney, abnormal ureteral anatomy), and technical factors (available equipment, source of energy). 1 Several other factors, such as body mass index (BMI) and stone to stone distance (SSD) also influence the stone clearance and success rate. 2 In addition, the attenuation values of calculi measured on computed tomography (CT) in Hounsfield units (HU) has also been studied to determine the success rate of ESWL or stone fragmentation. 3 Since the1990s, non-contrast enhanced computed tomography (NCCT) has become the radiographic modality of choice in the diagnosis of urinary stone disease, with sensitivity of 96%, specificity of 99%, and accuracy of 98%. 4, 5 While Joseph et al 6 observed that the best results of ESWL were obtained with stone densities less than 1000 HU measured by NCCT, Gupta et al 7 recommended ESWL as the first choice for fragmentation of stones with density less than 750 HU.
It is well-known that most urinary stones are made up of a mixture of different components, predominantly calcium, oxalate, phosphate, and uric acid in varying quantities, which predictably can alter the composition and density of stones in the various regions. The majority of studies comparing the stone fragility to the stone density had considered that the stones were made of single material and had uniform density in all regions. Therefore, the highest or mean attenuation values in a few areas in the region of study were calculated and compared to the success rate of ESWL. This could probably alter the comparative results of stone fragmentability vs. stone density measured in NCCT. Moreover Zarse et al 8 had also reported that NCCT might not be able to identify stone composition based on densities measured in HU, especially when 3-5 mm slices were taken as soft tissue windows to increase stone brightness, due to alterations in the HU values.
Therefore, it is imperative to develop a foolproof method to identify the density of renal stones in vivo and correlate this with the success rate of ESWL. This method could further be extended to predict the fragility of stones before subjecting them to ESWL treatment, so as to improve the success rates of this non-invasive modality of treatment.
Methods
For this study, a total of 120 patients aged 20-60 years with renal stones of size 1-2 cm were selected for ESWL treatment using Direx Lithotripter during a period of 12 months. The patients were subjected to NCCT images prior to the procedure. Each patient was given 2500 shockwaves at a power setting of 60-75 KV and intensity setting of 7.2 mA under sedoanalgesia. The patients were followed up one month after the procedure and a repeat NCCT was taken. Fragility and success of ESWL was defined as the complete absence of stones or presence of residual stone fragments less than 3 mm size. Patients with larger stones (more than 2 cm), multiple stones, obstructed stones with severe grades of hydronephrosis, renal failure, and obese patients with body weight more than 100 kg were excluded from the study. Out of the 120 patients studied, the images of 80 patients were selected for training the neural network and the images of a subsequent 40 patients were used for test prediction of fragility. The sample size was calculated as per statistical norms using software.
From the segmented image obtained from NCCT, the matrix corresponding to the region of interest (ROI) was first obtained. The matrix gave the grey level values in the range of 0-255 corresponding to the attenuation values obtained from NCCT. Each grey level value of the matrix corresponding to the image was termed as pixel. This matrix formed the input to the feature extraction module. The first order statistical features (FOS), such as mean, variance, skewness, and kurtosis, were calculated from the grey level matrix using the equations given below, using the Matlab software.
N g : number of grey levels; x i : i th grey level; n i : number of pixels with x i grey levels; n: total number of pixels.
Mean represented the average value. Variance measured how similar the data were within a region. Skewness was a measure of asymmetry of the data around the sample mean.
If skewness was negative, the data was spread more to the left of the mean than to the right. If skewness was positive, the data was spread out more to the right. Kurtosis was the degree of peakedness of the distribution, defined as a normalized form of the fourth central moment of distribution.
Artificial neural network (ANN) was used to classify the data. 9 ANN was trained to associate outputs with input patterns. Training required the pairing of each input vector with a target vector representing the desire output. A network needed to be trained over a number of training pairs until it reached a user-defined performance level.
The results of classification were expressed in terms of true positive (TP), true negative (TN), false positive (FP), and false negative (FN). A TP meant that the image of a fragmentable stone was classified as fragmentable and TN a non-fragmentable image was classified as non-fragmentable. A ROI corresponding to a fragmentable stone classified as non-fragmentable was FP and a non-fragmentable identified as fragmentable was FN. From these measures,the sensitivity, specificity, and accuracy of the method were also evaluated. 10 Accuracy measured the ability of the classifier to produce correct diagnosis. Sensitivity measured the ability of the model to correctly identify the occurrence of a target class. Specificity measured the ability of the model to separate the target class.
11 A feature wrapper approach was used for feature selection.
12,13

Results
Out of the 120 patients included in the study, 93 patients were male and the rest were female; ratio of left-side to right-sided stone was 68:52. Eighty-six (86) patients were below the age of 40 years.
Of the 120 images selected for the study, 47 were fragmentable and 73 were non-fragmentable, as identified by followup NCCT. The training of the neural network was performed using features obtained from 80 images, out of which 39 were fragmentable and 41 non-fragmentable. The remaining images were used for testing. The training and classification were performed using individual features and combination of features. The results obtained for individ-
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NCCT use in analysis of renal stones ual features, combination of two features, three features, and four features when classified using the trained ANN are shown in Table 1 . When mean was considered as the feature, the results indicated that the model developed for prediction had sensitivity of 80.7% in TP cases. The percent accuracy in identifying correctly the TP and TN cases was 90%. TN cases were identified with a specificity of 98.4%.
With variance as the feature, the sensitivity was only 57.5%, and accuracy 70.8%, while specificity was 97.5%. Skewness as the feature yielded 64.7% sensitivity, 77.5% accuracy, and 94.2% specificity. Kurtosis resulted sensitivity, accuracy and specificity values of 66.7%, 75.8%, and 87.3%, respectively. When various combination of features were considered, the sensitivity and accuracy values showed deterioration, although there was a marginal improvement in the specificity. The combinations of mean/skewness and mean/kurtosis gave the same or similar values for sensitivity, specificity, and accuracy, as obtained for mean as a single feature. The other combinations of features, such as variance/skewness, variance/kurtosis, skewness/kurtosis, variance/skewness/kurtosis, showed a decrease in values for sensitivity, specificity, and accuracy.
Discussion
Though ESWL is a safe and effective method of treatment of renal stones that causes minimal complication, unfavourable composition of stone has been regarded as a major factor for failure of this mode of treatment. Therefore, it is important that some information regarding composition of stone must be known before identifying a patient for ESWL treatment. This information can be obtained from a report of stone analysis, which is only possible in patients with recurrent stone disease. Some studies done previously predicted the success of ESWL from analyzing the ultrasound and plain radiographic images of renal stones prior to the treatment, with varying success rates of 39-40%. 14, 15 Today, diagnosis of urinary stones can be done by more effective methods, such as helical NCCT, with sensitivity, specificity, and accuracy over 95%. Chua et al 16 determined the diagnostic utility of CT scout film with an optimal noncontrast helical CT scan HU in predicting the appearance of urinary calculus in the plain kidney-ureter-urinary bladder (KUB) radiograph. It has been reported that each class of mineral in the stone gives a different attenuation value in NCCT. Urate has been reported to have attenuation values of 513 ± 292 HU, while calcium oxalate values are 1684 ± 290 HU. 17 Various studies have been done to ascertain the role of HU unit values in predicting the success of ESWL. 6, 7, [14] [15] [16] [17] [18] Ouzid et al 19 reported that a stone density of 970 HU represented the most sensitive (100%) and specific (81%) point on prediction of fragmentability, with stone-free rates for the group with <970 HU being 96% vs. 38% for the group with HU >970 HU. The success rate of ESWL was reported to be 94-100%, 85.7%, and 54.5% in the groups with HU <500, 500-1000, and >1000 respectively. 17 Weld et al, 20 however, noted that stone size and intrarenal location of stone also predicted the ESWL fragmentation rates. Pareek et al [2] [3] [4] reported that BMI, SSD, and HU significantly predict the outcome of ESWL fragmentation; they concluded that SSD of more than 10 cm predicted treatment failure. Cariroglu et al 21 found significant correlation between stone size and HU and also between stone size and the number of shockwaves required for fragmentation. The influence of internal stone structure on the fragmentation behaviour of urinary calculi had also been studied by Pittomul et al 22 Similarly, in vitro studies done by Marchinena et al 23 also proved that there was a statistically significant relationship between the attenuation values and fragility.
Thus, it is evident from various studies that the attenuation values of stones measured in HU was a useful method to ascertain the fragility of stones by ESWL. However, the majority of urinary stones often contain a combination of one or more of minerals and, therefore, the attenuation values assessed by NCCT could widely vary in different regions of the stone. The relevance of considering a single HU value or mean value obtained from a few areas of the stone is questionable. Our statistical method helps to avoid the shortcomings of the existing system, since the mean is taken from the whole matrix corresponding to the ROI of the stone image. NCCT clearly helped to get cross-sectional images from the hard, central part of the stone. The initial training of the neural network enabled standardization of the procedure for accurate prediction of stone fragmentation. Since the specificity obtained is high, the chance of classifying a nonfragmentable as fragmentable with the model created is only 2.6%. Even though the values for sensitivity, specificity, and accuracy were the same for classification performed with mean alone, mean/skewness together and mean/kurtosis together, mean alone gave the best results. The subsequent use of neural network yielded results with a high degree of predictability. Valid research methods have been employed for interpretation in this study.
The main limitations of the study were that the authors have not evaluated the breakability of larger stones more than 2 cm size (which were likely to have a significant difference in density in various areas of the same stone) and the fragmentability of stones with varying intensities of shockwaves applied. The clinical application of this method in patients with multiple stones (of different densities) is also doubtful.
Conclusion
Measurement of attenuation values of stones using NCCT to determine stone fragmentability before ESWL treatment has various drawbacks. However, application of statistical methods and training the neural network system will help to accurately predict the fragmentation and outcome of ESWL treatment in these patients. Since this method uses the imaging technique and a neural network, an automated system could be developed in future to be attached to the CT machine for prediction of fragmentation of stones.
